Abstract-A numerical investigation of the radio-frequency hydrogen discharge in the high current negative hydrogen ion source (HCNHIS) is presented using a global enhanced vibrational kinetic model (GEVKM). The HCNHIS consists of a high-pressure (2-65 torr) radio-frequency discharge chamber where the main production of high-lying vibrational states of the hydrogen molecules occurs. The hydrogen plasma flow in the discharge chamber is reduced by a series of bypass tubes and enters through a nozzle into a low-pressure (1-15 mtorr) negative hydrogen ion production chamber where H − are generated mainly by the dissociative attachment of low-energy electrons to rovibrationally excited hydrogen molecules. The GEVKM is applied to the HCNHIS discharge and involves volume-averaged equations for 21 hydrogen species (atoms, ions, and molecules in excited states) and electrons. The GEVKM is supplemented with outlet boundary conditions for the nozzle and bypass tubes of the HCNHIS and accounts for compressibility, viscous, and rarefaction effects. GEVKM simulations of the RF discharge are performed with inlet flow rates of 5-1000 sccm and absorbed powers of 200-1000 W using the HCNHIS-2 design which is configured with an extractor grid attached to a short negative ion production region. These simulations investigate the effects of the absorbed power and the inlet flow rate on the chemical composition, electron and heavy particles temperature, wall temperature, the maximum extractable H − current in the discharge chamber, as well as optimum operational parameters of HCNHIS-2. GEVKM simulations of the HCNHIS-2 discharge are used to obtain estimates of the H − current and compared with Faraday cup measurements taken at the extraction grid.
Investigation of the Radio-Frequency Discharge in a High Current Negative Hydrogen Ion Source With a Global Enhanced Vibrational Kinetic Model accelerated from the ground to a positive potential, then the electrons are stripped from the ions by a foil, thus, producing protons which are accelerated from the positive to ground potential. In this simple scheme, the use of negative hydrogen ions doubles the energy gained by protons. In thermonuclear reactors, the negative hydrogen ions are first accelerated to high energies and then neutralized to produce a high-energy neutral beam [10] , [11] . The benefit of using H − compared to protons or other positive ions is that their neutralization efficiency is much higher at high-beam energies [12] . NHISs are also found in cyclotrons producing short-lived isotopes used in medical applications of tomography [6] . The designs of NHISs are driven by the dominant H − production mechanism and can be categorized into two major groups. The first group constitutes surface production sources with H − production to be dominated by cesiated surfaces [13] . The second group constitutes volume production sources with H − production be dominated by volumetric processes, in particular, dissociative electron attachment to rovibrationally excited hydrogen molecules [8] . In most cases, surface and volume mechanisms work together in producing H − or in lowering the current of coextracted electrons [8] . The survivability of a negative hydrogen beam requires low operational pressures and possibly low electron temperature. Extensive reviews of NHIS are by Schmidt [1] , Peters [2] , Moehs et al. [3] , Bacal et al. [8] , Dudnikov and Johnson [13] , Prelec and Sluyters [14] , Welton [15] , and Keller [16] . Conventional volume NHISs operate primarily on the dissociative electron attachment reaction in which collisions of low-energy electrons with vibrationally excited molecules produce H − . Production of vibrationally excited hydrogen molecules is mostly by collisions of hydrogen molecules with high-energy electrons and, as a result, requires relatively high operational pressure. These energetic electrons also effectively destroy negative hydrogen ions. This contradiction in electron energy has been resolved by magnetic field separation of the vibrationally exited molecules production zone and the formation zone of H − . The magnetic field filters the high-energy electrons produced in the first zone. The main drawbacks of this design are low-pressure operation and the lack of electrons necessary for electron attachment reaction.
The high current negative hydrogen ion source (HCNHIS) is a new design shown schematically in Fig. 1 . The HCNHIS uses the volumetric negative ion production (NIP) mechanism without cesium addition [17] [18] [19] [20] [21] [22] [23] and can be applied to 0093-3813 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. particle accelerators such as the spallation neutron source in Oak Ridge National Laboratory [24] . The baseline HCNHIS design (referred as the HCNHIS-1) is composed of the RF discharge (RFD) chamber, a nozzle, an NIP region, and an extraction grid assembly as shown in Fig. 2 (a). The hydrogen gas is fed into the discharge chamber at high pressure (from 2 to 65 torr) where it is ionized by an inductive RF field. The assumption is that the high pressure in the RFD chamber along with the relatively high neutral temperature allows production of vibrationally excited hydrogen molecule. A similar concept was introduced by Bailey and Garscadden [25] . Due to the high electron-heavy particle collision rates in the RFD the electron temperatures are relatively small. Thus, low-energy electrons are more efficient in H − production and less efficient in their destruction. The hydrogen degree of dissociation in the HCNHIS is lower compared to conventional source designs. This feature is important because hydrogen atoms reduce effectiveness of negative hydrogen ion beams by stripping the electrons and eliminating high-energy ions from the beams by charge exchange reactions [26] , [27] . In order to decrease the flow rate from the high-pressure (2-65 torr) chamber to the low-pressure (1-15 mtorr) NIP region, a system of five bypass tubes connected to a vacuum chamber is used. The electrons and vibrationally excited molecules exiting from the nozzle enter the NIP region where most of the production of H − takes place under low pressures. The negative current is then extracted by the extraction grid assembly, which consists of a negatively biased plasma grid and a ground grid as shown in Fig. 2(a) . The plasma grid has 37 holes of the same diameter 0.381 mm, and the ground grid has 37 holes of the same diameter 0.305 mm. In addition, the electron diverter is placed downstream of the grids to deflect the trajectory of electrons as shown in Fig. 2(a) . An alternative design (referred to as HCNHIS-2) includes a short NIP region and is depicted schematically in Fig. 2(b) . This design includes three bypass tubes with increased diameters compared to the HCNHIS-1 resulting in a slight change in the total bypass area. More importantly, the small NIP region of the HCNHIS-2 configuration reduces the production of H − via the lowpressure mechanism and allows the direct measurement of the H − current exiting the high-pressure RFD region. A series of experimental investigations was performed during the design iterations of the HCNHIS by varying the inlet flow rate, input power, bypass system, and size of the NIP region [17] [18] [19] [20] [21] [22] [23] . The ability of the HCNHIS to produce negative ions was experimentally investigated with a setup that measures the negative current at the extraction assembly as shown in Fig. 2 . The negative current was measured by a 7.6-cm diameter Faraday cup placed downstream for both the HCNHIS-1 and the HCNHIS-2 designs. The measured negative current obtained by a number of experiments is presented in Fig. 3 . Fig. 3(a) shows the dependence of the negative current on the applied magnetic field of the electron diverter for the HCNHIS-1 operating with absorbed power P abs = 590 W and inlet flow rate Q in = 3000 sccm. Fig. 3(a) shows that as the magnetic field increases the negative current saturates. The saturation can be attributed to the negative hydrogen ion current produced in the RFD chamber and NIP regions of the HCNHIS-1. Fig. 3(b) shows the negative current in the HCNHIS-1 as a function of the absorbed power for Q in = 3000 sccm and the electron diverter turned OFF. Therefore, this negative current is the sum of electron and H − currents. Fig. 3(b) shows that the increase in the absorbed power results in a nearly linear increase in the current. The negative current produce by HCNHIS-2 as a function of the magnetic field is depicted in Fig. 3 (c) for absorbed power of 341 W and inlet flow rate of 1000 sccm. As in the case of the HCNHIS-1 the saturated current can be attributed to the negative hydrogen ion current produced. Due to the reduced NIP region in the HCNHIS-2 design this current is produced mainly in the RFD chamber of HCNHIS-2. These experiments clearly demonstrate the principle of operation of HCNHIS and are used for model validation.
This work presents a numerical investigation of the HCNHIS using the global enhanced vibrational kinetic model (GEVKM) developed by Averkin et al. [23] for multi temperature, chemically reacting hydrogen plasmas in inductively coupled cylindrical discharges for low-to highpressure regimes. The GEVKM is based on a combination of global and nonequilibrium vibrational kinetic models and is validated and verified in [23] with application to RFDs operating at a wide range of pressures and absorbed powers. In Section II, the inlet\outlet boundary conditions for the bypass tubes and nozzle of the HCNHIS discharge chamber are presented. GEVKM simulations of the HCNHIS-2 discharge are presented in Section III and the conclusion in Section IV.
II. INLET AND OUTLET BOUNDARY CONDITIONS FOR THE RF DISCHARGE CHAMBER
In the GEVKM model, the space-averaged steady-state continuity equations coupled with the electron energy equation, the total energy equation and heat transfer to the chamber walls, are solved simultaneously in order to obtain the steady-state spatially averaged species composition, the electron temperature, the heavy-species temperature, the wall temperature, and particle fluxes to the NIP region. , and electrons e. The input parameters to the GEVKM are the geometry of the cylindrical reactor, the wall material parameters such as emissivity, momentum and thermal accommodation coefficients, the molecular hydrogen inlet flow rate, and the absorbed power.
The RFD chamber of the HCNHIS is represented in the GEVKM by the effective cylindrical plasma reactor with a length L = 7.684 cm and diameter R = 1.745 cm. This volume accounts for the cylindrical and conical parts of the HCNHIS chamber as shown in Fig. 2 (a) and (b).
The set of surface and volumetric chemical processes governing vibrational and ionization kinetics of hydrogen plasmas in the HCNHIS incorporated in the GEVKM is shown in Table I [23] .
The GEVKM equations require particle inlet and outlet flow rates Q p,in and Q p,out for all species. The inlet feedstock gas flow rate is usually given in terms of a volumetric flow rate with the units of sccm or slm. The conversion between sccm or slm to m −3 s −1 is done by using the following coefficients that are given as [28] :
The operating parameters in the RFD chamber of the HCNHIS-1 shown in Fig. 2 (a) result in chamber pressures in the range of 6.7-64.3 torr with corresponding Knudsen numbers in the throat and bypass tube entry in the range of 0.0175-0.2 and 0.009-0.1, respectively. For the RFD chamber of the HCNHIS-2 the operating parameters of inlet flow rate 1000 sccm and absorbed power of 341 W result in the chamber pressure 20.3 torr, the Knudsen numbers in the throat and bypass tube entry are 0.065 and 0.02, respectively. The flow therefore is expected to cover the continuum to slip regime for the bypass and slip to transition regime for the nozzle [29] in both designs and as such the particle outlet flow rates have to account for these flow regimes.
In order to evaluate the particle flow rate at the outlets of nozzle and bypass tubes, the hydrogen flow is modeled as a neutral gas ignoring plasma effects. Compressible inviscid 3-D simulations showed that the hydrogen flow is choked in the bypass tubes and nozzle [30] . For computational efficiency an analytical model is developed for the nozzle outlet particle flow rate Q n p [m −3 s −1 ]. It combines the continuous, isentropic, frozen, nozzle flow model [31] , [32] with the model of freemolecular effusion through an orifice [33] and provides where γ fr is a frozen isentropic coefficient of the plasma calculated for a mixture of ideal gases based on the number densities of plasma components in the RFD chamber, Kn p,thr = λ p /2R thr is the throat Knudsen number, R thr is the throat radius, and λ P is the mean-free path of species p. The particle flow rate at the outlet of the bypass tubes
is given by the Fanno theory [31] , [32] 
The inlet Mach number M b,in is found by the solution to the implicit equation
where L b and D b are the length and diameter of the bypass tubes. The Darcy friction factor f needs to be evaluated after considering viscous and rarefaction effects. The Reynolds number Re D b in the bypass tubes is
where ρ is the density, a = (γ fr k B T p,0 /m) 1/2 is the speed of sound, and μ is the viscosity of the plasma in the discharge chamber approximated as the viscosity of pure molecular hydrogen gas due to low degree of dissociation and ionization in the RFD chamber. The Knudsen number Kn D b in the bypass tubes is given by
where 
where σ v is the tangential momentum accommodation coefficient. The reason of using Knudsen number of pure hydrogen for all species in (7) is that it is assumed that the plasma will be fully neutralized in the bypass tubes.
The outlet particle flow rates given by (2) and (3) are used for all species in the continuity equations. However, the relative contribution of these fluxes in the continuity equations is typically below 0.1% for trace neutral species and ions compared to volumetric and surface chemical reactions under operating conditions of the HCNHIS designs. It is ground state atomic and molecular hydrogen for which the contribution of the outflow fluxes in continuity equations is considerable and plays an important role in the chamber pressure establishment.
The wall of the RFD chamber is made of boron nitride. Physical constants appearing in the GEVKM equations of the HCNHIS include the atomic hydrogen recombination coefficient γ H,rec , the molecular α H 2 and atomic hydrogen α H thermal accommodation coefficients, the emissivity of boron nitride BN , and the tangential momentum accommodation coefficient σ v . Due to the lack of the experimental data the recombination coefficient of atomic hydrogen is approximated to be 0.1 based on the typical values for other materials such as copper [36] . The thermal accommodation coefficients of H and H 2 is approximated [37] α X = exp −0.57
where T w is the wall temperature (in K), M w is the wall molar mass (g/mole), and M * X is given by
and M X is the molar mass of the gas X [g/mole] and μ = M X /M w . The emissivity of boron nitride is 0.85 based on the experimental measurements of Matlock et al. [38] . The tangential momentum coefficient is assumed to be 0.065. This value is close to the tangential momentum coefficient of hydrogen molecules on graphite surfaces at wall temperatures above 1000 K as was calculated by Kovalev et al. [39] and was chosen in order to better represent measured chamber pressures.
III. GEVKM SIMULATIONS OF THE HCNHIS-2 RF DISCHARGE CHAMBER
A series of GEVKM simulations was performed using input conditions shown in Table II covering the entire regime of operation of the device. These simulations investigate the effects of the absorbed power and the inlet flow rate on the chemical composition, electron and heavy particles temperature, the wall temperature in the RFD chamber, as well as the hydrogen plasma flux into to the NIP region of the HCNHIS. The HCNHIS-2 is chosen for these simulations because its reduced NIP region allows immediate evaluation of the maximum extractable negative hydrogen ion current and as such can be compared to the experimentally measured current. The expanded NIP region in HCNHIS-1 requires modeling of hot rarefied plasma, which is beyond the scope of this work.
In order to validate the inlet\outlet boundary conditions presented in Section II, a series of simulations of the HCNHIS-1 was performed using the GEVKM for a range of absorbed power from 440 to 600 W and inlet flow rate of 3000 sccm. There were no reliable measurements of the RFD chamber pressure during the experiments with the HCNHIS-2 design. Fig. 4 shows the predicted RFD chamber pressure of the HCNHIS-1 compared to the measurements obtained at the pressure port located near the inlet of the RFD chamber as shown in Fig. 1 . The flow model for the nozzle and bypass outlet predicts well the pressure in the RFD chamber of the HCNHIS-1. Since the RFD chamber pressure depends on the neutral gas temperature predicted by the GEVKM, this result serves as a validation of the temperature equation models of the GEVKM. There were no available pressure measurements for the HCNHIS-2 design but the two designs have identical chamber volumes and nearly equal bypass areas. The data shown in Fig. 4 can therefore be applied to the HCNHIS-2 as well. first examined by a simulating the HCNHIS-2 setup at P abs = 341 W and Q in = 5 − 5000 sccm. The wide range of inlet flow rates considered allows the establishment of the optimum inlet flow rate at which the production of vibrationally excited molecules and hydrogen anions is maximized. Fig. 5 shows the plasma composition as a function of the RFD chamber pressure at P abs = 341 W. For reference, the inlet flow rates are shown on the top axis in the subsequent plots with the corresponding RFD pressures on the bottom axis. The H + 3 is the dominant positive ion species at the pressures considered and its number density is very close to that of the electrons. The main production mechanisms of the H + 3 are the ion conversion (reaction 17, Table I ) and collisions of electronically excited atoms with hydrogen molecules (reaction 50, Table I ). The other positive ions have number densities almost an order of magnitude smaller. The atomic hydrogen concentration weakly varies with the pressure. The H − number density increases at low pressures and then slowly decreases with increasing pressure. From Fig. 5 , it can be seen that the H − number density has a maximum value around 10 16 m −3 at a point where the pressure approximately equals to 1 torr which corresponds to an inlet flow rate of 50 sccm.
A. Effects of the Inlet Flow
In order to explain this trend in the H − number density, the production and destruction rates of H − for different processes in the RFD chamber are plotted in Fig. 6 . At low pressures corresponding to low hydrogen inlet flow rates the production through dissociative electron attachment (DEA) to high-lying vibrational states dominates. As the pressure increases the production of H − from high-lying vibrational states increases, reaches the maximum, and at higher pressures decreases. At low pressures and consequently high-electron temperatures, high-lying vibrationally excited states are effectively populated by electron-vibration collisions (reaction 34, Table I ). At high pressures the vibrationally excited molecules are effectively quenched by the vibrational-translational relaxation collisions with molecules (VTms) (reaction 39 and 40, Table I ) and more importantly by the vibrational-translational relaxation collisions with atoms (VTas) (reaction 42, Table I) processes. Fig. 7 shows the vibrational distribution function (VDF) at different pressures in the RFD chamber at a constant P abs = 341 W. At high pressures the VDF resembles a Boltzmann distribution while at very low pressures resembles a Bray distribution [40] . An important feature of the VDF at low pressures is the existence of the plateau at vibrational levels from 4 to 10 which has been experimentally observed in NHISs [41] , [42] . At very high pressures corresponding to high hydrogen inlet flow rates the main contribution to H − production is through DEA to ground state and the first vibrationally excited state of hydrogen molecules. As for H − destruction rates which are shown in Fig. 6(b) , the main chemical reactions are mutual neutralization with H + 3 and collisions with H. More interestingly, the destruction rates decrease with increasing chamber pressure. For H + 3 the reduction of the destruction efficiency is due to the decrease in its density and the increase of the heavy particles temperature, which leads to larger destruction mean-free paths. For atomic hydrogen, the situation is slightly different. The destruction mean-free path is also increasing with the increase in temperature, but this effect is partially compensated by the number density increase. Therefore, the destruction rate of H − due to atomic hydrogen is decreasing slower than that of H + 3 . The electron, heavy particle, and wall temperatures as a function of the chamber pressure are shown in Fig. 8(a) and (b), respectively. The electron temperature decreases as the chamber pressure increases reaching around 1 eV at the operating pressures of the HCNHIS-2. The heavy-particle temperature has a maximum of 2000 K near the pressure 0.1 torr while the wall temperature stays in the range 900-975 K. These high values of heavy-particle temperatures at low pressures suggest that the assumption of a single temperature for the heavy species is not valid and a multitemperature heavy-species model should be considered. The explanation lies in the two-step nature of the electron-impact dissociation reaction. During the first step, the electron excites the electronic states of hydrogen molecule. This step has a threshold energy of about 10 eV for ground state molecules. During the second step, the excited molecule dissociates into two hydrogen atoms with a dissociation energy of only 4.52 eV. Thus, the two resulting hydrogen atoms gain additional kinetic energy of about 5.48 eV. At high pressures and low degree of dissociation, the atoms effectively transfer this energy to molecules. At low pressures, the atoms transfer their energy primarily to the walls and as a result the molecular hydrogen is kept relatively cold. These are the hydrogen atoms that have high energy and consequently contribute to the average heavyparticles temperature, which is calculated in the GEVKM.
The contributions of the various electron energy loss mechanisms are shown in Fig. 9 . At low pressures, the electrons lose their energy primarily to the walls contributing to the acceleration of ion species inside the sheath. In addition, electrons lose their energy to vibrational and electronic excitation and dissociation of hydrogen molecules. At high pressures, the main losses are to vibrational excitation and dissociation of hydrogen molecules and elastic collisions. 
B. Effects of the Absorbed Power P abs = 200-1000 W and Q in = 1000 sccm
In order to investigate the effects of the absorbed power, a series of simulations is performed at Q in = 1000 sscm and P abs in the range of 200-1000 W covering the regime of operation of HCNHIS-2. Fig. 10 shows the plasma composition as a function of P abs . Even though the flow rate is kept constant the chamber pressure changes as the absorbed power changes due to the gas heating effect. The number density of the plasma components varies slightly with the change of P abs considered. At these pressures and absorbed powers, the dominant positive ion species is H + 3 and its number density increases with increase in absorbed power. The H − and H number densities also increase as P abs increases. Fig. 11 depicts the production and destruction rates as a function of P abs . Since the hydrogen flow rates corresponds to pressures in the range of 18-21 torr for the inlet flow rate and absorbed powers considered, the main production mechanism is DEA to ground and low-lying vibrational states of hydrogen molecules. As it was pointed out earlier, high-lying vibrational states of hydrogen molecules are quenched by VTa and VTm reactions at rather high chamber pressure. The production rates increase monotonically with increasing absorbed power. The main H − destruction mechanism as shown in Fig. 11 is the electron detachment in collisions with hydrogen atoms. The destruction rate of this reaction is almost one order of magnitude higher than the mutual neutralization of H − and H + 3 and electron detachment in collisions of negative hydrogen ions with vibrationally excited hydrogen molecules. Fig. 11(b) shows that the remaining destruction processes contribute less than 0.1% to the H − destruction and that as absorbed power increases all destruction reaction rates increase monotonically.
The electron, heavy particles, and wall temperature shown in Fig. 12 increase monotonically with increase in absorbed power. The contribution of the various electron power loss mechanisms normalized by the absorbed power is shown in Fig. 13 . At these moderate pressures (18-21 torr) , the main losses are due to vibrational excitation and dissociation of Electron power loss mechanisms in the RFD chamber of the HCNHIS-2 as a function of the absorbed power at Q in = 1000 sscm. molecular hydrogen as well as elastic collisions. An increase in the absorbed power only slightly enhances the electron power losses to the dissociation by decreasing the power losses resulting in the vibrational excitation. The VDF shown in Fig. 14 has the same shape at all considered P abs . The increase in the absorbed power results in a slight increase in the population of the high-lying vibrational states due to the rather high chamber pressures considered. The VT processes and vibrational energy transfer between molecules (VV collisions) effectively redistribute vibrational energy at these conditions leading to the gas heating and vibrational equilibration rather than vibrational excitation of high-lying levels.
C. Combined Effects of the P abs = 200-1000 W and Q in = 5-1000 sccm Fig. 15 depicts the H − number density in the RFD chamber of HCNHIS-2 as function of P abs and chamber pressure for Q in = 5 − 1000 sccm and P abs = 200 − 1000 W. This plot presents results of approximately 1000 individual GEVKM simulations and shows that the H − number density increases with increasing P abs . Fig. 15 also shows the existence of a narrow region of maximum H − number density centered around 1 torr for the range of P abs considered. This peak provides the optimum operating parameters for maximum H − production. However, it does not guarantee the maximum H − current because the hydrogen anions can be very effectively destroyed by hydrogen atoms and positive ions during the extraction process in the NIP region. In order to further explore the processes contributing to the peak Fig. 16 depicts the average hydrogen vibrational energy per absorbed powerĒ vib /P abs as a function of P abs and pressure. Fig. 16 shows thatĒ vib /P abs has a local minimum at pressure 1 torr corresponding to an inlet flow rate of 50 sccm which coincides with the maximum number density of H − depicted in Fig. 15 . These results indicate that the DEA mechanism for the HCNHIS-2 chamber geometry works most effectively at this flow rate. Fig. 16 also shows that there are two local maxima ofĒ vib /P abs , the first located at pressures below 0.1 torr and the second is centered at about 5 torr. The maximum located at 5 torr corresponds to the optimum operation of the HCNHIS-2 discharge chamber since it yields the maximum vibrational excitation required for the H − production.
D. Comparisons of GEVKM Results With Faraday Cup Measurements
For the Faraday cup experiments, the HCNHIS-2 was configured with a short NIP region and extraction grids operating at P abs = 341 W and Q in = 1000 sccm. Due to the short NIP region, it is unlikely that volumetric processes leading to production or destruction of negative ions take place there. In addition, as it was outlined in Section II the relative contribution of the outlet fluxes in the continuity equations for charged species is much lower than other volumetric and surface processes. Therefore, in order to estimate the maximum extractable negative hydrogen ion current it is assumed that the H − number density in the NIP region equals to that at the RFD nozzle exit. This assumption can be further justified by the fact that negative ions are repelled from negatively charged walls and have large diffusion coefficient. GEVKM simulations were performed for P abs = 200−1000 W and Q in = 5−1000 sccm and using the H − ion density predictions the H − current is estimated from the Bohm flux to the extraction grid as [43] 
where A aperture is the extraction aperture area and u B,H − = (k B T e /m H − ) 1/2 is the Bohm speed of H − . Equation (10) assumes that the current is emission limited and, therefore, gives the maximum extractable negative hydrogen ion current. Fig. 17 shows the maximum extractable H − current as a function of P abs at Q in = 1000 sscm. These currents are evaluated using (10) and the GEVKM predictions for the H − number density. Fig. 17 shows that the H − current measured by the Faraday cup is very close to the current predicted using GEVKM and (10). Fig. 18 shows the maximum extractable H − ion current as a function of P abs and discharge chamber pressure. At constant pressure, the H − current monotonically increases as the P abs increases. Similar to the H − number density there is a narrow peak of H − current at low pressures for the range of P abs considered. However, this peak in the H − current is shifted to a lower pressure of 0.9 torr compared to Fig. 15 . This shift is attributed to the dependence of the emission limited current in (10) on the electron temperature. As Fig. 19 shows for a given P abs the electron temperature is monotonically increasing with decreasing pressure in the discharge chamber. Therefore, the maximum in the H − current is shifted to lower chamber pressures.
IV. CONCLUSION
The GEVKM developed in [23] for multi temperature, chemically reacting hydrogen plasmas in inductively coupled cylindrical discharges for low-to high-pressure regimes is applied to the simulation of the radio-frequency discharge in the HCNHIS. The baseline design HCNHIS-1 involves a high-pressure RFD chamber with five bypass tubes connected with a nozzle to low-pressure NIP region that terminates to an extractor grid. The alternative design HCNHIS-2 has three bypass tubes and a short NIP region where the extractor grid is attached. The HCNHIS has been operated at inlet flow rates 300-3000 sccm and absorbed powers 430-600 W.
The GEVKM includes ground state hydrogen atoms H and molecules H 2 , 14 vibrationally excited hydrogen molecules H 2 (v), v = 1 − 14, electronically excited hydrogen atoms H(2), H(3), ground state positive ions H + , H + 2 , H + 3 , ground state negative ions H − , and electrons e. The GEVKM includes the space-averaged steady-state continuity equations coupled with the electron energy equation, the total energy equation, and heat transfer to the chamber walls. Analytic outlet boundary conditions for the nozzle and bypass tubes are derived accounting for compressibility, viscous, and rarefaction effects. The GEVKM provides as a solution the space-averaged number densities of the plasma components, the electron and heavy-particle temperature, and the wall temperature.
The analytical outlet boundary conditions developed for the nozzle and bypass tubes of the HCNHIS were validated by comparison of the pressures predicted by the GEVKM with the pressure measurements of the HCNHIS-1.
The GEVKM was used in a parametric investigation of the HCNHIS-2 at volume inlet flow rates of 5-5000 sccm and absorbed powers of 200-1000 W covering the regime of operation of the HCNHIS-2. These simulations examined the effects of the inlet flow rate and absorbed power on the production and destruction of vibrationally excited hydrogen molecules, the plasma composition in the ion source, the production and destruction of negative hydrogen ions, the electron and heavy particles temperature, and the maximum extractable negative hydrogen ion current.
The first set of simulation was performed at P abs = 341 W and Q in = 5−1000 sccm. It is found that the inlet flow rate has a major impact on the number densities and temperatures in the HCNHIS-2 discharge. The results indicate that at pressures below 10 torr (or Q in < 500 sccm) the main production of H − is the dissociative electron attachment to high-lying vibrational states 7 ≤ v ≤ 11. At pressures above 10 torr (or Q in > 500 sccm), the main production is due to dissociative electron attachment to first two vibrational states. The VDF of molecular hydrogen at pressures below 10 torr (Q in < 500 sccm) resembles a Bray distribution while at pressures above 10 torr (Q in > 500 sccm) resembles a Boltzmann distribution. It was also found that at pressures below 1 torr (Q in < 50 sccm) the predicted heavy species temperature exceeds 1300 K. At low pressures heavy-particle species such as hydrogen ions, atoms, and molecules may reach different temperatures which can be accounted with separate energy equations.
The second set of simulations was performed with Q in = 1000 sscm and P abs = 200 − 1000 W. It is found that that due to relatively high discharge pressure (18-21 torr) the plasma composition, heavy and electron temperatures vary slightly with increasing P abs .
A third set of simulations was performed with P abs = 200 − 1000 W and Q in = 5 − 1000 sccm to identify the optimum operational parameters for production of H − and vibrationally excited hydrogen molecules. It is found that in the HCNHIS-2 design the optimum discharge pressure for production of H − is close to 1 torr for a wide range of absorbed powers. If, however, the discharge chamber is used to produce vibrationally excited states of H 2 then the average hydrogen vibrational energy per the absorbed power in the RFD chamber shows the efficiency of producing high-lying vibrational states. In the case of the HCNHIS-2 RFD chamber the optimal parameters for production of high-lying states of molecular hydrogen correspond to a discharge pressure of about 10 torr for a wide range of absorbed powers.
GEVKM predictions of H − number density and electron temperature in the HCNHIS-2 discharge at Q in = 1000 sscm and P abs = 341 W were used to estimate the H − current exiting the discharge chamber. The estimated H − current compares well with the Faraday cup measurements taken at the exit of the extractor grid. The combined effect of P abs = 200 − 1000 W and Q in = 5 − 1000 sccm on the maximum extractable H − current in the HCNHIS-2 discharge was also investigated. It was found that there is a narrow peak in H − current at discharge pressure 0.9 torr for a wide range of absorbed powers considered.
